ABSTRACT
Introduction
Wild wheat species exist in abundance in the plant kingdom providing a potential gene pool for wheat breeding, especially for quality and biotic-/abiotic-stress resistance improvement. Lophopyrum elongatum (syn. Elytrigia elongata, Agropyron elongtum, Thinopyrum elongatum) is an important relative of wheat. Plants in this genus constitute precious parent material for wheat breeding because of their resistance to cold, drought and diseases. L. elongatum is also highly salt-tolerant (11) . it is possible to transfer desirable genes from wild species into cultivated wheat by crossing wheat with Lophopyrum to develop new wheat material or varieties (12) . the diploid L. elongatum (host) A. löve (2n = 2x = 14, ee genome) is an excellent source of genetic material against Fusarium head blight (FhB), which has been discovered on chromosome 1e (14) . in addition, both monosomic and disomic additions and substitutions of L. elongatum chromosome 4e conferred a polycarpic life history to annual chinese spring wheat (17) . chromosomes 4e and 6e in L. elongatum may carry the genes that confer tolerance to phosphorus deficiency stress (20) .
Endo and Tsunewaki (7) first reported gametocidal (Gc) chromosomes and their mechanisms of action. certain alien chromosomes have unique genes that secure their existence in the host by causing chromosome breakage in the gametes that lack these alien chromosomes. These so-called Gc chromosomes and Gc genes, are derived from different genomes (c, S, S 1 and M g ) and belong to three different homologous groups: 2, 3, and 4 (4). To date, 14 Gc chromosomes have been found (3, 16) . compared with physical or chemical agents, which induce chromosomal mutations, Gc chromosomes are safer than mutagens. the mutation frequency reported for Gc chromosomes is the highest among all inducing methods (7) . To take advantage of the Gc effects, Endo and Gill (6) produced 436 deletion lines of wheat encompassing all regions on two arms of 21 chromosomes, creating a deletion system for common wheat. By means of a combination of chromosome deletion mapping and DnA marker linkage mapping, detailed information about the physical and genetic location of genes on wheat chromosomes can be obtained (13) . Gc chromosomes can also induce wheat-alien translocations with a view of introducing desirable alien chromatin into wheat genomes. Gc chromosome 2c from Ae. cylindrica host (2n = 4x = 28, ccDD) (27, 29, 31, 34) . A lot of crosses between 2c addition lines and L. elongatum addition lines were initiated in the cytogenetics laboratory of harbin normal University, china, in the early 1990s for the purpose of transferring useful genes from L. elongatum into common wheat. So far, some translocations and deletions induced by Gc 2C were identified in 1E, 2E, and 5e addition lines (19, 21, 23) .
CHROMOSOME DELETION AND TRANSLOCATION IN CHINESE SPRING-
In wheat breeding programs, chromosome identification (33) and alien chromatin detection in wheat background is important (8, 10, 15) . Genomic in situ hybridization (GISH), a modification of fluorescence in situ hybridization (FiSh), allows chromosomes from different parents/ancestors/ genomes in hybrid plants to be painted in different colors. GISH has been used to monitor the amount of alien chromatin introgressed, and to locate the translocation breakpoints either singly, or in combination with c-banding (24) . in the present study, we analyzed chromosomal variations induced by Gc 2C in F 1 and F 2 . translocation and deletion plants obtained from hybrid progenies can be used as germplasms for further genetic studies and resistance breeding. therefore, we examined a potential breeding pathway for deletion and translocation induced by the Gc chromosome 2C from Ae. cylindrica.
Materials and Methods
Plant material chinese Spring-L. elongatum (2n = 14, ee) 6e disomic addition lines (CS-6E′′) and diploid L. elongatum were kindly provided by Dr. Feldman, from the Weizmann Science institute, israel. chinese spring-Ae. cylindrica (2n = 28 ccDD) 2c disomic addition lines (CS-2C′′) were supplied by Dr. Endo, Kyoto University, Japan. the control "chinese spring" was maintained in harbin normal University.
Observation of meiosis CS-6E′′ (as the female parent) were hybridized with CS-2C′′ (as the male parent) in the greenhouse at harbin normal University and maintained at 20 °c to 25 °c. F 1 hybrid seeds were sown in a designated wheat plot. During the meiosis of PMCs, the anthers were taken and fixed by conventional methods. Anthers were stained with Schiff's reagent or acetocarmine and pressed in 45 % hAc to observe meiosis by an olympus Bh-2 microscope.
Chromosome preparation and chromosome C-banding F 1 hybrids were self-crossed and F 2 seeds were obtained. the root tips of F 2 seeds were treated with ice water for 20 h to 24 h, and then fixed in 3:1 ethanol:glacial acetic acid at 8 °C for more than 16 h. The fixed root tips were stained in acetocarmine and chromosome preparations were made by the squash method. chromosome slides were frozen under liquid nitrogen and the cover slips were removed with a razor blade. Slides were dehydrated in an ethanol series (70 %, 95 % and 100 %) and then stored at -20 °c until subsequent treatment. chromosome c-banding was performed as described by endo and Gill (5) and improved slightly by Li et al. (19) . GISH GISH followed the procedures described by Fukui et al. (9) and Li et al. (19) . Genomic DNA from L. elongatum was labeled with biotin-14-dUtP and used as a probe (according to the instructions of GIBCO-BRL). Two 6E chromosomes with yellowish-green staining indicated that labeling was successful. total genomic DnA from wheat cS was used as blocking DnA. Fitic-AvidinD and Biotinylated goat antiavidinD system was used for signal amplification and detection. Propidium iodide (Pi) was used for restaining. Under B and G excitation, chromatin from L. elongatum and wheat were shown in yellow-green color and red color, respectively.
Results and Discussion
Analysis of F 1 PMCs meiosis A high frequency of univalent chromosomes and a moderate frequency of multivalent chromosomes appeared in F 1 from crossing CS-6E′′ with CS-2C′′. The number of univalents exceeded the theoretical values. in F 1 progenies, we observed a large number of chromosome fragments, chromosome bridges and laggards at anaphase i and ii, and a large number of micronuclei in telophase and tetrad phase. cytoplasmic multipolar division (up to seven divided spores) was also observed (35) . Such aberrations are mainly caused by chromosome splitting and translocation induced by the Gc chromosome 2c.
Translocation lines identified by C-banding and GISH in F 2 progenies Among 95 F 2 plants from the cross between CS-6E′′ and CS-2C′′, we isolated seven wheat-L. elongatum translocation plants and two translocation plants within wheat genomes. the translocation frequency was 7.37 % and the rearrangement frequency of the wheat genome was 2.11 %.
Four plants were characterized as translocation plants by C-banding and GISH. C-banding of plant 6-11 indicated that one of the 21 pairs of common wheat chromosomes was different; in this various chromosome, one arm c-type was the same as the 6Dl c-type of "chinese Spring" and the other arm c-type corresponded to the 6el c-type (Fig. 1a) . A normal 6D chromosome was missing in the plant. Because there were no very typical c-bands in 6e chromosome, it was preliminarily characterized as a translocation plant. GISH indicated a hybridization signal on the long arm of one chromosome (Fig. 1a) . Hence, the translocation was confirmed and designated as t6Dl 6el. With the same method, the other three plants were identified as translocation plants, including another plant of t6Dl 6el (6-86; Figure not shown) and two plants of t4Bl 6el (6-63 and 6-24; Fig. 1b shows 6-24) . Four of these plants were whole-arm translocations from wheat to L. elongatum. in addition, the chromosome number of four plants was 42. three plants (6-38, 6-54, and 6-77; Fig. 2a-c, respectively) were identified as translocation by GISH. These translocations were not detected based on the c-banding pattern because the translocated fragments of L. elongatum were very small. two of these plants showed terminal translocations and one plant (6-77) had an inserted translocation near the end of the short arm of one chromosome.
two translocation plants within the wheat genomes were identified based on the C-banding pattern. As shown in Fig. 1c , 6-15 (2n = 40) contained one 5BS-6Dl translocation and was designated as t5BS 6Dl. two chromosomes of 6-32 (2n = 40) were different from common wheat chromosomes, they contained reciprocal 7B-4A translocations (Fig. 1d) .
Deletion lines identified by C-banding
in contrast to what was found in common wheat chromosome deletion system mapping (6), we identified 10 plants with deletions relating to chromosomes 2A, 4A, 6A, 1B, 3B, 5B, and 5D (Fig. 3) out of 95 plants in F 2 . however, the trend in the distribution of the breakpoints was similar in our study to that of endo's (6) in that the B chromosome deletion was more prevalent than deletions in A or D chromosomes. the deletion frequency reached 10.5 %.
Final remarks
The effect of the Gc chromosome on meiosis. in F 1 hybrid progenies of CS-6E′′ and CS-2C′′, meiosis was abnormal. the paired structure of the F 1 chromosomes should be 21ii + 6ei + 2ci. in fact, the observed univalent chromosome number in F 1 progenies exceeded the theoretical expectation for the Mi phase of meiosis. in addition, some trivalents and tetravalents also appeared. We also found chromosome fragments, chromosome bridges, laggards, micronuclei, multipolar division during the meiosis process. the aberrations in Mi may arise because some genes from the e genome of the female parent, CS-E′′(21′′+E′′), may promote pairing to homologous chromosomes (2). han et al. (12) suggested that L. elongatum possesses a gene promoting homologous pairing (pairing homologous; ph gene) or repressing ph. liu et al. (22) ascertained that 1e, 2e, 3e, 4e, 5e, 6e, 7e of diploid L. elongatum were homologous to 1, 2, 3, 4, 5, 6, 7 groups of wheat. homologous chromosome pairing has been shown to lead to an increased number of univalent chromosomes and the emergence of multivalent chromosomes. however, the frequencies of these phenomena in our study were markedly higher, which suggested that chromosomal distortion was induced by the Gc chromosome 2C. These results were similar to the ones reported by li et al. (19) .
Frequency of chromosome distortion induced by the Gc chromosome 2C. The Gc chromosome is an effective means of inducing chromosomal mutations. Schubert et al. (26) obtained eight deficiency lines and 10 wheat-barley translocations from 93 lines generated by self-crossing 21′′+7H′′+2C′; the mutation frequency was 8.5 %. the frequency of wheat-rye chromosome translocations induced by Gc chromosome 2C was reported to be 2.3 %, and terminal translocations represented the majority of translocation lines (29) . Using Gc chromosome 2C, the frequency of structural changes in chromosome 1R was reported to be 24.1 % among 46 F 3 individuals, and the frequency of whole-arm translocations involving 1Rl was 32.6 % (28). the frequency of wheat-1e, 2E, 5E translocation induced by Gc 2C from Ae. cylindrica was 6.02 %, 7.09 % and 5.3 %, respectively (19, 21, 23) . in the present study, we analyzed 95 plants generated by crossing CS-6E′′ with CS-2C′′. Seven wheat-6E translocation plants were obtained and the translocation frequency was 7.37 %. it demonstrated that Gc chromosome 2C had different inducing effects on 1e, 2e, 5e and 6e disomic addition lines. A similar result was reported by Wang et al. (31) . Among the reported methods for inducing translocation, radiation results in 2 % to 5% translocation frequency; the frequency of translocation induced by incorrect chromosome division is not more than 3 %. Although the translocation induced by Gc chromosome appears to be random, its easy accessibility and the higher frequency of translocations allow the acquisition of a number of translocations related to different chromosomes with a variety of fragment sizes, which may serve as an invaluable material for physical mapping (34) .
The perspective of applying translocation lines induced by Gc chromosome technology. translocation lines induced by Gc chromosome 2C for disease resistance research have been reported. three wheat-L. racemosus disomic addition (DA) lines DA5lr.1, DA7lr.1 and DAlr.7 with resistance to FhB were used to develop wheat-L. racemosus translocation lines via irradiation and Gc gene-induced chromosome breakage; at least three resistance genes in L. racemosus were identified (1). The translocation line containing T3AS-Lr7S induced by chromosome 2c was highly resistant to FhB and the germplasm will likely benefit resistance breeding (32) . the 6VS.6Al translocation has been recommended for wheat breeding programs as a donor for resistance to powdery mildew with no obvious undesirable agronomic or wheat quality effects (18) . A new 1Bl.1RS line, R14, was developed by crossing the rye inbred line l155. one new gene for stripe rust and one for powdery mildew resistance were located on 1RS of the R14 line and were temporarily named Yrcn17 and Pmcn17 (25) . it is noteworthy to mention that in the present study the four plants 6-38, 6-54 and 6-77 had small segment translocations. those with small alien segments and with minimal loss of wheat chromatin will be preferable for breeding purposes (4). We also observed that CS-6E′′ and wheat-6E translocations were resistant to powdery mildew. However, this finding needs to be confirmed. Therefore, Gc chromosomes can be used to generate chromosomal translocations for enhancing disease resistance and quality breeding, as demonstrated in this study, using L. elongatum.
Conclusions
in this study, the translocation frequency, the rearrangement frequency and the deletion frequency induced by Gc chromosome 2c were 7.37 %, 2.11 %, and 10.5 %, respectively. these results indicate that the induction of chromosomal variations using gametocidal chromosome 2C was efficient.
